The initial belief that haplotype block boundaries and haplotypes were largely shared across populations was a foundation for constructing a haplotype map of the human genome using common SNP markers. The HapMap data document the generality of a block-like pattern of linkage disequilibrium (LD) with regions of low and high haplotype diversity but differences among the populations. Studies of many additional populations demonstrate that LD patterns can be highly variable among populations both across and within geographic regions. Because of this variation, emphasis has shifted to the generalizability of tagSNPs, those SNPs that capture the bulk of variation in a region. We have examined the LD and tagSNP patterns based upon over 2000 individual samples in 38 populations and 134 SNPs in 10 genetically independent loci for a total of 517 kb with an average density of 1 SNP/5 kb. Four different 'block' definitions and the pairwise LD tagSNP selection algorithm have been applied. Our results not only confirm large variation in block partition among populations from different regions (agreeing with previous studies including the HapMap) but also show that significant variation can occur among populations within geographic regions. None of the block-defining algorithms produces a consistent pattern within or across all geographic groups. In contrast, tagSNP transferability is much greater than the similarity of LD patterns and, although not perfect, some generalizations of transferability are possible. The analyses show an asymmetric pattern of tagSNP transferability coinciding with the subsetting of variation attributed to the spread of modern humans around the world.
Introduction
Haplotype and linkage disequilibrium (LD) analyses are widely used for mapping disease genes and understanding human population history. 1 -4 Some haplotype studies have suggested that the human genome can be parsed objectively into haplotype blocks in which there is little evidence for historical recombination. 5 -9 In recognition of a few common haplotypes capturing most of the genetic variation across regions encompassing multiple SNPs, Gabriel et al 7 proposed testing only the minimum number of SNPs sufficient to define the common haplotypes, haplotype tag SNPs (htSNPs or tagSNPs). Defining the genomic regions of high LD, that is, haplotype 'blocks', was an initial focus and continued to be an interest of the International HapMap project. 8, 9 The effort to construct a haplotype map or maps of the human genome based on limited population samples has an underlying assumption of extensive sharing of patterns of LD such that tagSNPs will show good 'transferability' (how well tags selected in one or more analysis panels will transfer to disease studies performed in these or other populations 9 ) among populations, especially populations within the same geographic regions. Despite ongoing controversy over some issues, 10 -12 the original belief that haplotype blocks represent a fundamental aspect of the human genome appears to be an oversimplified view of genome organization. Few studies have examined LD in a global set of populations. One study used the Human Genome Diversity Project-CEPH panel to examine variation in LD at one region on chromosome 22 . It concluded that a wide communality in LD patterns exists in human populations from different continental regions despite differences in their demographic histories. 13 However, this conclusion was based on only 12 SNPs across a 1.78 Mb region. In many populations, there was little LD, which resulted in similar tagSNP sets. Another much more extensive study of the portability of tagSNPs across global populations at higher marker density focused just on tagSNP transferability. 14 It concluded that tagSNPs from one population are highly informative in other populations within each continental group. However, other studies have reported significant variation among populations in block structure and tagSNPs. Sawyer et al 15 studied three loci in 16 diverse populations with an emphasis on African and European populations. They found significant quantitative and qualitative variation in LD among populations both across and within geographic groups, and no group showed consistency in patterns of LD for all three loci under study. Liu et al 16 reached a similar conclusion with respect to tagSNPs.
The HapMap data do not address directly the question of how tags selected in one or more of the populations studied will transfer to disease studies performed in these or other populations, and thus the general applicability of the HapMap data needs to be confirmed in samples from several local populations. 8, 9 We are examining a set of populations comparable to the HGDP-CEPH panel used by González-Neira et al; 13, 14 indeed, many of the population samples in that panel originated in our lab. However, our sample sizes are, on average, twice as large as in the HGDP-CEPH panel. Using data that represent an even more diverse sampling of LD patterns among populations than initially planned for extensions of the HapMap effort, we consider consistency of blocks and tagSNPs among populations and the similarity of different methods in defining blocks. Our data on 38 populations widely distributed around the world ( Figure 1 ) illustrate considerable diversity in the patterns of LD suggesting that HapMap data do not generalize in this respect. However, the transferability of tagSNPs is, in general, quite high, in agreement with González-Neira et al.
14 Figure 1 The graphical distribution of the 38 population samples used in this study. Populations are categorized into nine different geographic groups according to their ancestry. The large symbols stand for a sample size of over 50, whereas the small symbols represent a sample size from 23 to 50.
Subjects and methods

Population samples
A total of approximately 2000 individuals from a global sample of 38 human populations ( Figure 1 ) were typed in this study. According to their ancestry, all populations are categorized into nine geographic groups: Africa, Southwest Asia, Europe, Northwest Siberia, East Asia, Oceania, Northeast Siberia, North America and South America. 17 The sample sizes of populations range from 23 (Nasioi) to 118 (Irish), with most having around 50 individuals (Supplementary Table 1 ). Detailed information on the individual populations and samples is in ALFRED (the ALlele FREquency Database).
18,19
Genomic regions and SNPs Ten unlinked genomic regions on seven chromosomes encompassing a total length of 338 kb are considered in this study: CCR5, CD4, COMT, DRD2-NCAM1, HOXA, HOXB, PAH, RET-D10S94, SORCS3 and THRAP, with a total of 134 SNPs (including one insertion-deletion site). We selected 10 loci that had regions of approximately 40 -50 kb with an average SNP density of approximately 1 SNP per 5 kb with complete typing on 38 population samples. Some SNPs used in this study were also included in the HapMap project, whereas others have only been genotyped in our populations. The relative positions and densities of markers in both the HapMap project and our data are shown in parallel ( Figure 2 ). These are genes that have been foci for diverse studies to define haplotype frequencies with no selection for pattern of LD. These regions were chosen for this analysis because we had achieved a density of B1 informative SNP per 5 kb across 40 -50 kb, as part of diverse ongoing studies. No selection for pattern of LD was involved. SNPs were selected for analysis because they had heterozygosity greater than B10% in both African and non-African populations. There was no selection for a more specific allele frequency pattern based on available information. These markers provided more uniform spacing than alternatives. Some additional SNPs were typed, but had uniformly low heterozygosity or were over 10 kb away from the analyzed segment. Overlapping data at RET-D10S94 and DRD2-NCAM1 were in Sawyer et al. 15 The detailed information on selected genomic regions and SNPs is listed in Supplementary Table 2 . Taqman s was the main genotyping method with a small subset of SNPs genotyped with Fluorescence Polarization and gel-based restriction fragment length polymorphism methods.
The phase-unknown marker typing data used in this study can be downloaded from http://info.med.yale.edu/ genetics/kkidd/contents.html. Allele frequencies and the sample sizes of all sites can be found in ALFRED under the site UIDs (Supplementary Table 2 ). For each marker, the typing was complete for at least 90% of the individuals in all populations. For each site, the average heterozygosity and Fst value 20 over 38 population samples are listed in Supplementary Table 3 .
Statistics and analyses
The haplotype block patterns in all 38 populations are presented using the HAPLOT application. 21 the haplotype entropy method (HE) and the pairwise LD method (LD). 24 -27 For the first two methods, by default the common haplotype threshold is set at 0.05 and the fraction of haplotype diversity/entropy explained by tagSNPs is set at 0.8. For the pairwise LD method, by default the r 2 threshold is set at 0.8 and the LOD threshold for multimarker tests is set at 3.0. In HAPLOT, we developed and implemented algorithms to solve the ambiguity problem associated with tagSNP selection. 21 Pilot studies suggest that with the same parameter settings, HD and HE methods are much more sensitive to the marker density than is the LD method (Supplementary Figure 1) . The increase of SNP numbers adds more complexity and variation to the haplotype composition, and the methodology based upon the preservation of haplotype variation, such as the HD algorithm, is sensitive to the number of component SNPs (except fixed SNPs or SNPs with extremely low heterozygosity). The LD method responds more to the strength of LD between SNPs than to the number of component SNPs, and thus it is less sensitive to the increased marker density. The hypersensitivity to marker density makes the HD and HE methods less efficient and reliable compared with the LD method. Thus, for our studies, we focused only on the LD method for the tagSNP variation and transferability analyses. We note that the relative savings from using tagSNPs is a function of the initial density of SNPs from which tagSNPs are selected. In Figure 2 , the LD tagSNP selection algorithm has been applied to the CEU population data from the HapMap project and to data on our European American population. The CEU population has a marker density higher than 1 SNP/kb in all loci (except CCR5, where there are no corresponding SNPs from the HapMap project), whereas the European American population has a marker density around 1 SNP/ 5 kb. The average saving of SNPs by using tagSNPs from the CEU populations is much higher than that from the European American population, because with higher marker density many SNPs are physically close and in strong LD with each other, which causes each selected tagSNP to be associated with more unselected SNPs. However, the savings is not strictly proportional as marker spacing is also relevant.
TagSNP transferability is represented by the percentage of captured common variants (with a frequency of Z5%) of Pop2 by the tagSNPs from Pop1. 28 If an untagged SNP has an r 2 value with any tagSNP above the threshold (we use 0.64 and 0.8 in our study), we consider it captured by the tagSNP set. For each pair of populations being compared, the tagSNP transferability values are unidirectional and asymmetrical. For example, tagSNPs from Pop1 (a larger collection of tagSNPs) could preserve 100% variation of Pop2 whereas tagSNPs from Pop2 (a smaller collection of tagSNPs) could only preserve a small fraction of variation of Pop1.
Results
Haplotype block variation
Haplotype block structure is highly variable among populations both within and across geographic regions ( Figure 3 ; Supplementary Figures 2 -10 (Figure 3 ), but the opposite is seen at the CCR5 region (Supplementary Figure 2) . The change of parameter thresholds in the KR2 algorithm could change number and length of blocks in individual populations, but not the general pattern across different geographic regions. For example, if we enforce a stricter rule (higher r 2 ) in block partition, some blocks may disappear or become shorter because of failing to meet the increased r 2 threshold.
However, this change is global. Populations of the same geographic groups still tend to be more consistent in block patterns than across geographic groups (data not shown). Similar variation in LD patterns within and among geographic regions can be seen at the other loci studied (Supplementary Figures 2 -10 ). In summary, the idea of haplotype blocks consistent across populations, even within geographic regions, is an over-simplified view of patterns of LD. Our results provide an empirical validation of the simulations of the haplotype block model by Wall and Pritchard. 30 TagSNP transferability and variation Of greater relevance to biomedical research is tagSNP transferability. Our results for tagSNP transferability show the generalizability of the portability of tagSNPs in spite of the considerable heterogeneity in the pattern of LD among populations. González-Neira et al 14 (Figure 4) . The pairwise portability of tagSNPs for all populations has been examined for all loci at two different r 2 thresholds: 0.64 and 0.80 ( Figure 5 ). Each threshold has been applied to both the selection of tagSNPs and the detection provide similar levels of tagSNP portability. The major difference between these two different threshold levels is the number of selected tagSNPs. The 0.80 threshold enforces a stricter rule in determining the LD between a tagSNP and an untagged SNP, thus it usually results in having more SNPs in the tagSNP panel. Because two different thresholds are used in Figure 5 , and each involves both selection and application, the color scheme only represents the tagSNP transferability level at its specific threshold. We should note that though the transferability is roughly the same, on average, using r 2 ¼ 0.64 and r 2 ¼ 0.80, the actual variation captured at In Figure 5 , we note variation among the loci in performance of tagSNP transferability and the amount of tagSNP variation. A typical example is the tagSNP portability among African populations for different loci. For RET-D10S94, CD4 and COMT, tagSNP portability is very high among different African populations. No matter what specific population is chosen as the reference population, its tagSNP panel is informative in other populations. However, for the SORCS3, DRD2-NCAM1 and HOXB loci, the selection of the reference population is critical. In SORCS3, Biaka's tagSNPs capture little variation in other African populations; at DRD2-NCAM1 and HOXB, Mbuti's tagSNPs fail to be representative of most of the other populations. Another example is the East Asian group at RET-D10S94 locus. TagSNPs from Ami, Atayal and Cambodians give poor coverage when applied to other East Asian populations.
Despite the slight variation described above, generally speaking, tagSNPs are highly informative in other populations within each continental group. In addition, African Figure 6 The percentages of common variants at DRD2-NCAM1 captured under four scenarios. One scenario with tagSNP selection at r 2 ¼ 0.64 and detection in other populations at r 2 ¼ 0.80, one with tagSNP selection at r 2 ¼ 0.8 and detection at r 2 ¼ 0.64, one with tagSNP selection and detection both using r 2 ¼ 0.80, repeated from Figure 5 , and one with tagSNP selection at r 2 ¼ 0.9 and detection at r 2 ¼ 0.8. The color scale is the same as in Figure 5 . The additional tagSNPs selected at r 2 ¼ 0.90 clearly provide best overall transferability when applied at r 2 ¼ 0.80 detection, whereas the tagSNPs selected at r 2 ¼ 0.64 have poorest transferability when applied at r 2 ¼ 0.80 detection.
populations have the largest collection of tagSNPs and their tagSNPs are able to capture a large amount of variation of all other populations. TagSNPs defined in Europeans are often efficient for Asian (including southwest Asian, east Asian, northwest Siberian and northeast Siberian) populations, which agrees with the findings of González-Neira et al.
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Despite the above two arbitrarily selected r 2 thresholds, we could also apply any other thresholds. However, if the threshold is too low, unacceptable loss of information results. With higher r 2 threshold, the size of the tagSNP panel expands, but the asymmetric portability pattern remains similar ( Figure 5 shows the pattern when applying the same threshold to the selection of tagSNPs and to the detection of common variants; Figure 6 shows the case when applying two different thresholds).
Discussion
The pattern of LD in a population is determined not only by the distribution of recombination events but also by both demographic factors determining the amount of random genetic drift and the purely chance aspects of whether a recombinant chromosome survives in the population. Moreover, at very low rates of recombination there is a stochastic aspect to whether or not a crossover will ever occur within the history of a population. Thus, it is not surprising that block patterns differ among populations. If a block is not a fundamental aspect of the genome, it is nonetheless a region of high LD within a specific population. We use block in that latter empiric sense. The large amount of variation in haplotype block structure among global populations reflects the considerable haplotype variation among these populations seen at several loci in previous studies. 15, 31 We infer from our data that random genetic drift is the major cause of LD patterns in different populations. One piece of supportive evidence is a comparison of block patterns between Africa and the Americas. African populations have relatively larger population size over a long history, and thus preserve more haplotypes than Native American populations, which are considered to have experienced bottleneck events and have much smaller population sizes historically. 32 Yet, the haplotypes outside of Africa tend to be a subset of those seen in Africa indicating little to no recent generation of new haplotypes by recombination. The general pattern shown by multiple loci is a progressive subsetting of haplotypes as one goes from Africa to southwest Asia then to Europe or to east Asia and separately to the Americas. 17, 31 Thus, tagSNPs selected in an African population can discriminate among (identify) all haplotypes including the subsets that exist elsewhere. Similarly, the tagSNPs selected on any population will be likely to apply to populations further along in the subsetting, farther from Africa, but not in the reverse direction. Fewer and smaller multisite haplotype blocks are usually observed in African populations, whereas big haplotype blocks representing strong LD over large chromosome distance can often exist in Native American populations. Our analyses of a global sample of 38 populations extends our previous findings that LD and tagSNP patterns differ among populations, even among populations of similar geographic origins. 15, 16 Such differentiation is mainly due to the individual population demographic history and combined effects of genetic factors such as drift, mutation and recombination. Sampling error can also affect similarity, but at average sizes of 50 individuals is considered a minor factor. 33 By studying the variation of haplotype block structure in all 10 representative loci using four different block definitions, we strove to disentangle the variation caused by the diversity of genetic background of different populations from that caused by the selection of any specific algorithm. As is shown (in Figure 3 ; Supplementary Figures 2 -10) , no single block definition shows consistency of block structure among populations of similar genetic background. Thus, our conclusion of high variation of block patterns is consistent with earlier observations from other researchers. However, by including a large global sampling of populations, we provide much more general evidence in support of the current shift of research focus from haplotype block structure to tagSNPs with a comprehensive and systematic study involving a representative number of SNPs and loci on different chromosomes. Nonetheless, the idea of a haplotype block, defined empirically as a region of high LD, although lacking generalizability across global populations, is considered useful for fine-scale mapping of complex traits if the study is restricted to localized populations.
TagSNP analyses lead to a slightly different conclusion: although a small amount of variation exists among populations within each continental group, in general the tagSNP portability is high. Thus, our results provide supportive evidence for the HapMap's endeavor of constructing haplotype maps based on a few reference populations. Our observation that tagSNPs are effective for both related and distant populations agrees with previous studies. 13, 14 However, variation in tagSNP transferability does exist. The selection of reference populations together with the geographic categorization of populations is associated with the risk of losing information. For example, in CCR5, applying the Japanese tagSNP panel to Han Chinese (from San Francisco and Taiwan) will cause 22.8% loss of the variation. If applied to Cambodians, this loss becomes 33.3% (Figure 4 ). In THRAP, applying the Japanese tagSNPs to Cambodians will result in loss of 45% of the variation. In CCR5, the two Oceanian populations, Nasioi and Micronesians, can hardly be grouped, because their own tagSNP panels are not representative of any other populations ( Figure 5 Figure 5 . The expected result is clearly seen. It might be true that new haplotype maps in populations other than the four HapMap reference populations are not urgently needed. However, in the long run, the four reference populations of the HapMap project, although serving as a good starting point, may not be sufficient to achieve the goal of the project. One might argue that populations such as Druze, Khanty, etc do not represent our species, and thus the analyses in these populations would be too specific to serve a general purpose. However, to establish a final and a clear link among modern human populations, these populations are far from negligible. Ultimately, in both genomic and evolutionary contexts, we will need information from them. Isolated populations are often considered ideal for studies of complex diseases because the genetic component is expected to be less complex. 34 Our data argue that it is precisely those populations that are least likely to be similar to an existing HapMap population. Diverse populations along with a large number of high-density markers are needed to assure broad applicability of the results. So, Francis Collins (The Scientist, June 30, 2003) was being somewhat optimistic in his assessment when he said.
We may be OK without sampling very broadly throughout the world. The similarities are substantial enough that maybe three [geographic] areas will be sufficient to produce a tool that you can use anywhere.
Our goal in this study is to examine the variation in LD among a global sampling of populations and its consequences for selecting tagSNPs. We find significant variation in LD patterns among populations, both among and within geographic regions, suggesting that the data on existing HapMap are insufficient for studies in some other populations. We have not considered other potential inadequacies of the HapMap effort. 35 The variation we have documented is a significant factor in some efforts to study the variation underlying disease phenotypes. However, because of the historic subsetting of variation as humans spread around the world, there is a clear but imperfect asymmetric pattern of tagSNP transferability from 'older' to 'newer' populations. Our studies show that it is advisable to assess a population of interest for genetic similarity to a HapMap population instead of simply grouping it according to geographic location. Our analyses also show that one may be able to compensate for dissimilarity to a HapMap population by increasing the stringency of tagSNP selection in the most similar HapMap population while expecting a lower coverage in the study population. We see, for example, that tagSNPs chosen at r 2 ¼ 0.90 can work at r 2 ¼ 0.80 much better than tagSNPs chosen at r 2 ¼ 0.80. The increase in number of tagSNPs compensates for uncertainty in transferability.
